The itaconic acid (IA) world market is expected to exceed 216 million of dollars by 2020 as a result of an increasing demand for bio-based chemicals. The potential of this organic acid produced by fermentation mainly with filamentous fungi relies on the vast industrial applications of polymers derived from it. The applications may be as a superabsorbent polymer for personal care or agriculture, unsaturated polyester resin for the transportation industry, poly(methyl methacrylate) for electronic devices, among many others. However, the existence of other substitutes and the high production cost limit the current IA market. IA manufacturing is done mainly in China and other Asia-Pacific countries. Higher economic feasibility and production worldwide may be achieved with the use of low-cost feedstock of local origin and with the development of applications targeted to specific local markets. Moreover, research on the biological pathway for IA synthesis and the effect of medium composition are important for amplifying the knowledge about the production of that biochemical with great market potential.
Introduction
The world demand for eco-friendly products is constantly growing. Many bioprocesses are under development to align the environmental and economic aspects of manufacturing renewable products, which are not all feasible yet (Bailey 2016) . The continuing effort and research, associated with government policies that promote sustainable programs, effectively nurtures the growth of bio-based product market (Report Linker 2017) .
Bio-based organic acids are part of the portfolio of profitable and renewable chemicals. The combination of those two important factors results in an increasing demand of those acids. Moreover, the stringent restrictions imposed by governmental regulators in many countries have been encouraging companies to seek alternative renewable products and biotechnological processes (Report Linker 2017). The challenge is not only to obtain eco-friendly products, but to have equivalency in quality and quantity for competing with the products already available on the corresponding market (Bailey 2016) .
Itaconic acid (IA) is a bio-based chemical with great potential for the chemical market and attractive end use applications (Weastra 2012) . Even though the chemical properties of the organic acid enable a vast possibility of applications, IA is currently considered a niche market (Transparency Market Research 2015) . The expected expansion of IA on the appropriate market depends on the development of the technologies for producing IA and its derivatives. Innovation, price competitiveness, and global expansion are key components for any product to achieve success in the renewable market. Improvements in production medium, as well as the application of the most appropriate fermentation conditions for achieving high IA yield, are some of the investigations regarding the develop of technologies for IA production (Krull et al. 2017) .
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IA origin and definition
IA can be synthesized either chemically or biochemically. The former has never been produced commercially due to the numerous stages for IA synthesis and the low efficiency of the process, while the latter is obtained by fermentation mainly using filamentous fungi with a significant production yield (Pfeifer et al. 1952; Kautola et al. 1989) . A more detailed description about IA production is presented in later sections.
IA is presented in the form of white crystals and it is chemically defined as an unsaturated dicarboxylic acid with one of the carboxylic groups conjugated to a methyl group. Some of IA characteristics are listed on Table 1 .
A brief history about IA
IA was discovered in 1837, described by Baup as a product obtainable from the pyrolysis of citric acid and it was named citric acid (Turner and Liebig 1841; Kane et al. 1945; Tate 1967) . In 1840, Crassus described it as the product of the third stage of thermal decomposition of citric acid and proposed the name itaconic acid (Turner and Liebig 1841) . At that time, the chemical route was the only one known.
The IA chemical synthesis is as follows:
• distillation of citric acid;
• oxidation of isopropene or from mesityl oxide to citraconic acid and subsequent isomerization; • carboxylation of acetylene derivatives, for example, propargyl chloride or butynoates; • condensation of succinate or succinic anhydride with formaldehyde to generate citraconic acid with subsequent isomerization.
This sequence of chemical reactions, however, is not economically feasible. The requirement for several stages resulted in an unsatisfactory yield and used components that were not readily available (Merger and Liebe 1991) .
IA was first polymerized by Swarts as a form of ethyl ester in 1873 (Tate 1967) . Dialkyl ester polymers were developed with properties close to glass at a process that lasted about 3 days (Hope 1927) . Despite the interesting properties, it was only possible to obtain IA at a low scale due to the already mentioned low efficiency of the chemical route, which was a potential limitation for obtaining the end-product on a large scale.
In 1931, Kinoshita first reported the production of IA by the microbial route. In his study, a filamentous fungus isolated from salted prune juice was cultivated under surface fermentation conditions in the presence of concentrated solutions of sugars and high concentrations of chlorides, reaching yield of up to 0.24 (g IA/g substrate). Because the used microorganism was an IA producer, the filamentous fungus was named Aspergillus itaconicus (Kinoshita 1931) . The production condition of that study, however, was never developed commercially (Kane et al. 1945) . Calam et al. (1939) presented that some A. terreus strains produced IA in Czapek-Dox medium containing 50 g/L of glucose. That was the first study which demonstrated that A. terreus was able to produce IA (0.12 g IA/g substrate after 25 days). The authors also showed that not all strains-5 out of the 6 strains tested-produced this organic acid to the extracellular medium at the conditions used (Calam et al. 1939) .
The homopolymerization of IA was described in 1958, which was done with hydrochloric acid and potassium persulfate (Marvel and Shepherd 1959) . Because of the interesting properties of IA polymers, further investigation was done to reach higher final concentrations of IA from different strains. According to Miall (1978) The production of IA by microbial route was first patented in 1945 (Kane et al. 1945) . Pfizer Company accomplished 28% of the theoretical yield for producing IA with sucrose after 14 days of fermentation (Kane et al. 1945) . IA was included in the company's product portfolio in 1945 (Okabe et al. 2009 ).
Other bioprocess conditions allowed Lockwood and Ward (1945) to obtain 30 g of IA from 100 g of glucose (42% of the theoretical yield). In the following years, the strain Aspergillus terreus NRRL 1960 was used for larger scale production, with different nitrogen sources in a 20 L bioreactor (Nelson et al. 1952) . At that stage, studies were done on a large scale (between 1130 and 2270 L), and in semi-continuous fermentation (Pfeifer et al. 1952 ). Other microorganisms have been reported as IA producers, such as Ustilago zeae (Miall 1978) , and by a number of Candida sp. strains (Horitsu et al. 1983) .
In 2004, IA was listed as one of the 12 most promising chemicals available from biomass according to the United States Department of Energy report (Werpy and Petersen 2004) . The document selected IA and 11 others from an initial list of more than 300 bio-based building blocks regarding the potential markets of the chemicals and their derivatives, and the technical complexity in producing those chemicals. Since that report, which included succinic, fumaric and malic acid among other chemicals, IA gained a significant interest in the scientific community and it stimulated vast research about the improvement in IA production and its applications (Kuenz et al. 2012; Klement and Büchs 2013) .
The homopolymerization process of IA on a large scale was a challenge in the early 21th century (Werpy and Petersen 2004) . The improvement of the economic feasibility for obtaining IA depended on the development of the polymerization techniques that would decrease production cost to produce the homopolymer. That barrier was overcome by researchers from the University of New Hampshire, and the technology was licensed to Itaconix ® , which proceeded to develop IA products from the poly(itaconic acid) (PIA) (Durant 2011 ).
More recently, IA was identified to be secreted by mammalian immune cells, such as macrophages, responsible for the antimicrobial activity by those cells in situations of inflammatory conditions (Sugimoto et al. 2011) . IA was previously detected in the lungs from mice infected with tuberculosis, but it had been assumed that the metabolite was produced by the contaminating bacteria (Shin et al. 2011; Cordes et al. 2015) . Michelucci et al. (2013) identified that, in mammalian cells, IA is produced by the immunoresponsive gene 1(Irgl), a highly expressed gene by macrophages in inflammation. That IA characteristic was explored by Bajpai et al. (2016) as a component of antimicrobial biofilm with potential application in the biomedical field.
IA producer microorganisms
Some microorganisms are able to synthesize IA, but with different productions capacities. The main IA producers are from the species A. terreus, which are used for producing the acid on a commercial scale (Saha 2017) . The requirement for systems that result in higher IA productivity and higher yields (product/consumed substrate) encourages many researchers to find different IA producers (Voll et al. 2012) . Table 2 lists some of the producing microorganisms, as well as the characteristic of the process.
It is noticed that the filamentous fungus strain Aspergillus terreus produces the highest IA concentrations in glucose medium, but Ustilago maydis is also a promising microorganism for IA synthesis. The technical difficulties regarding the use of filamentous fungus compared to bacteria or yeast encourage the research for different IA producers. The bioprocess with filamentous fungi is usually sensitive to hydro-mechanical stress in submerged fermentation (Voll et al. 2012 ) and its filamentous growth characteristics can be operationally more complicated than other microorganisms mentioned.
Ustilago maydis is a basidiomycete, which is a non-pathogenic microorganism when presented as a free-living yeastlike cell and plant pathogenic as the filamentous form (Levinson et al. 2006; Rafi et al. 2014) . Despite the advantages of using basidiomycete, the highest production obtained from that microorganism is about 0.2 g IA/g glucose (Maassen et al. 2014) , which is still much lower than the highest concentrations produced by A. terreus (0.48 IA/g glucose) in batch fermentation in laboratory scale (Kuenz et al. 2012) .
Although research tends to focus on Aspergillus and Ustilago strains, different studies have demonstrated IA production capacity by other microorganism species. Helicobasidium mompa produces IA at low values − 0.25 to 0.5 g/L IA (Araki et al. 1957) . Candida sp. (Tabuchi et al. 1981 ) was genetically modified and it produced about 0.35 g IA/g glucose. Despite the potential results, to the best of the authors knowledge, no further studies were presented regarding IA production by that Candida sp. Pseudozyma antarctica was also reported as IA producer, which synthesized 0.1 g IA/g substrate, in medium containing either glucose or fructose (Levinson et al. 2006) . Genetically modified E. coli was also less efficient than A. terreus, with final production of about 0.14 g IA/g glucose by the fourth day of fermentation (Okamoto et al. 2014) . Despite the different strategies applied for IA production with other microorganisms, A. terreus is still the current, dominant choice for IA production on a commercial scale.
The urge of increasing IA production also drives research on metabolic manipulation of microorganisms (Kuenz et al. 2012) . Genetic modification has been done on Aspergillus niger, which is expected to produce higher IA concentrations than the bioprocess done with A. terreus, since the latter produces over 200 g/L of citric acid (also an organic acid) and has a very similar metabolic system to its parental strain (Blumhoff et al. 2013) . The efforts done to promote IA production capacity on A. niger have been an important tool for comprehension of the IA pathway in A. terreus (Steiger et al.2016) .
Metabolic system of IA production by Aspergillus terreus
Different studies regarding the metabolic pathway of IA synthesis have been done mainly with A. terreus (Tevz et al. 2010; Huang et al. 2014a, b) . Currently, it is highly accepted that cis-aconitate decarboxylase (CAD) is responsible for the final transformation of cis-aconitate to itaconate (Hossain et al. 2016; Jiménez-Quero et al. 2016) . In IA synthesis from glucose, the substrate enters the cell and it is degraded mainly via the glycolysis route. Both malate and pyruvate produced in the cytosol enters the mitochondria to the TCA cycle, where cis-aconitate is produced. Cis-aconitate is transported to the cytosol through a mitochondrial tricarboxylate transporter (Mtt), where CAD synthesizes the itaconate production (Li et al. 2013) . Finally, itaconate is externalized through major facilitator superfamily proteins (MFS). The kinetic profile of IA production shows that a slow or null cell growth rate prevails during IA production (Kuenz et al. 2012) . This is explained by the deviation of cis-aconitate from the mitochondria to the cytosol, i.e., the TCA cycle is incomplete and cell growth is limited or null. Figure 1 illustrates the metabolic pathway from glucose. Dwiarti et al. (2002) were able to characterize the enzyme CAD for the first time and Kanamasa et al. (2008) identified the gene responsible for its coding. Those findings confirmed the CAD enzyme function in synthesizing IA and identified the region where the gene is located (Lai et al. 2007) . Bentley and Thiessen (1957) identified that the enzyme is inhibited by heavy metals. Despite these conclusions, up to now, the regulation of IA synthesis is not yet completely known .
A deep understanding of the effect of nutrients on cultivation and production is of paramount importance given that the regulation of CAD is possibly related to the limitation of the essential element other than carbon (Welter 2000) . Further knowledge about A. terreus metabolic regulation, as well as the effect of medium components and operation conditions, is of great importance for increasing IA production.
IA: a bio-based chemical with potential market growth and a wide range of applications
The technical barriers of IA synthesis over 10 years ago were the formation of other co-products during the fermentation and the need to increase the fermentation's yield and productivity (Werpy and Petersen 2004) . Despite the technological advances, there are still limitation concerning the production process, and the decrease of industrial costs is still desirable (Weastra 2012) .
The IA market is characterized as a niche among other chemicals mainly due to limited assimilation of IA products in the market and the large availability of substitutes for those. The decrease of production costs would increase IA economic feasibility and expand the commercial interest for IA (Transparency Market Research 2015) . Because of its market potential in a world scenario with increasing demand for bio-based chemicals, the IA market is expected to exceed 216 million of dollars by 2020 (Global Industry Analysis 2016).
The advantages of IA products over other chemicals from fossil source include its biodegradability (as homopolymer), non-toxicity, and a variety of possible derivatives as polymers. Some IA applications are under development, some of them still need further research and development (R&D) to be economically feasible, while some others are closer to reaching the commercial market. [Adapted from Klement and Büchs (2013) and Huang et al (2014b)] Some of the vast number of end-products available in the literature are presented on Table 3 .
Currently, the most promising applications of IA are as synthetic latex, methyl methacrylate (MMA), unsaturated polyester resins (UPR), and superabsorbent polymer (SAP) (Global Market Insights 2016), illustrated on Fig. 2 .
Synthetic latex represents over 50% of the global market share of IA products, mostly used for polymer stabilization-SBR latex (styrene-butadiene rubber). As this niche market is already the most demanding of IA, it is expected to have less prominent growth over the next years (Global Market Insights 2016) .
The expansion of the MMA market, currently produced from acetone cyanohydrin (Weastra 2012) , is expected to further fuel IA demand. MMA requirements in liquid-crystal display (LCD) screens, smartphones screen, and video equipment are some of the mostly likely applications of IA (Global Market Insights 2016) .
The use of IA as UPR, which can also be produced with maleic anhydride (Weastra 2012) , is directed to marine, construction, and transportation industries. Because of its similar structure to maleic anhydride, IA is a potent biobased chemical for substituting non-renewable chemicals (Global Market Insights 2016).
IA large-scale production
The process of IA production was well described by Okabe et al. (2009) . According to the authors, the industrial production of IA is a five-step process. The fermentation step concerns in IA synthesis from microorganism, whose cells are removed together with other solid particles at the end of the process by filtration process. The solid-free broth goes to the concentration step where a liquid of over 350 g/L of IA is obtained. The concentrated liquid passes through two series of crystallization processes, at 15 °C. The crystals formed are decolorized by treatment with activated charcoal at 80 °C. In the case of a large-scale industrial process, the decolorization process can be optimized. The decolorized broth is evaporated and recrystallized before going to the drying and packing steps. If the production requires a high degree of purity, the product goes through a purification process, such as solvent extraction, ion exchange, and a new decolorization. Each stage has high efficiency for recovering IA: 95% in the filtration step, 98% of the concentration process, and 95% in the crystallization and drying. The total recovery of the process is approximately 80%. The production steps are illustrated in Fig. 3 . (Okabe et al. 2009 ). The production interruption by Cargill, Pfizer, and Rhodia made China the current largest IA producer (El-Imam and Du 2014). China has been receiving robust investments from companies and from the Chinese government, including in bioprocesses industries. The increasing research background, human resources, and financial support has provided the biotechnology industry growth over recent years in that country (Huang et al. 2010) .
Among many Chinese companies that produces IA, the Qingdao Kehai Biochemistry Company is responsible for about 50% of the total capacity of IA production in China, or 18% worldwide, with 10,000 Mt/year (Huang et al. 2010 ). That company is part of the Qingdao Langyatai Group and exports IA (not final products nor derivates) mainly to North and South America, and Western and Eastern Europe (China 2017) .
The last reports show that only three countries are currently responsible for the world production: China, India, and USA (Global Industry Analysis 2016). The main current players are Alpha Chemika (India), Chenggdu Jindai Biology Engineering Co., Ltd. In fact, the Asia-Pacific region market should serve as an example for developing the IA market in other countries. The existence of many domestic manufactures among IA players in that region represents the moderately fragmented IA market. The development of technologies and applications addressed to those niche and local markets may be the key strategy to expand IA production in other countries (Global Market Insights 2016) .
One example of targeting local opportunities is the possibility of growth in Europe because of product control by the government. Currently, European Union regulations to stop the manufacture of detergents produced from sodium tri(poly)phosphate (STPP) may be substituted with IA derivatives. In Germany, the IA market benefits from environmental government practices and its size reached 2.8 million in 2015. South Africa, Saudi Arabia, and the United Arab Emirates may also be targets for IA applications as a result of rising preferences for bio-based products in those countries (Global Market Insights 2016).
Medium requirement for a high yield IA production
Multiple parameters influence metabolites production, such as medium composition, pH, temperature, the presence or absence of trace elements, and many others (Vrabl et al. 2012) . Among them, the carbon source used is very important for producing economic feasible IA. The requirement of high initial concentration of sugars to obtain high yields reflects on high cost with feedstock if pure substrates, such as glucose or sucrose, are used.
The knowledge about the sufficient concentration to be used for high IA production without the use of excessive substrate affects the production final cost and depends on the strain. The highest IA yields (> 0.8 mol IA mol glucose) are achieved with over 100 g/L of glucose by A. terreus NRRL 1960, without a significant increase neither decrease in the final yield with substrate up to 200 g/L (Karaffa et al. 2015) . Different results were obtained with A. terreus NRRL 1963, which presented an inhibition effect with concentrations higher than 160 g/L of glucose (Welter 2000) . Kuenz et al. (2012) , however, showed that similar concentrations are obtained by A. terreus NRRL 1993, A. terreus NRRL 1960, and A. terreus DSM 23081 (0.7 mol IA/mol glucose).
Considering the kinetics properties of CAD, an essential enzyme for IA production, its K M value for its main substrate, cis-aconitic acid, is 2.45 mM at pH 6.2 and 37 °C (Dwiarti et al. 2002) . The low affinity to its substrate in IA synthesis indicated by the high K M value demonstrates the need for high substrate concentration for achieving high production yields (Cordes et al. 2015) .
Different nitrogen sources, such as yeast extract or corn steep liquor, were used in the early studies (Pfeifer et al. 1952) , but the complexity and varied composition of those reactants are undesirable factors for developing a stable production platform. IA fermentation with urea or ammonium nitrate resulted in low fermentation rates according to Nelson et al. (1952) and Pfeifer et al. (1952) . However, ammonium nitrate (NH 4 NO 3 ) has been used as nitrogen source in many other studies with high IA yield (Kautola et al. 1991; Kuenz et al. 2012) .
Regarding the nitrogen source concentration, Vassilev et al. (1992) showed that, for immobilized cells, the rate of IA production in the absence of nitrogen is higher than with an initial concentration of 4 g/L of NH 4 NO 3 . Those results indicated that the nitrogen consumption is related to cell production rather than IA synthesis (Vassilev et al. 1992) . Welter (2000) evaluated the combination of NH 4 NO 3 with KH 2 PO 4 , and it was observed that, for initial 94 g/L of glucose, minimal cell growth and high IA production are obtained with 0.08 g/L KH 2 PO 4 and Page 9 of 15 138 2 g/L of NH 4 NO 3 . Kuenz et al. (2012) chose to use 3 g/L NH 4 NO 3 rather than 1.5 g/L to avoid insufficient nitrogen source supply, even though both the initial concentrations of NH 4 NO 3 resulted in similar results.
Other medium components can influence IA production such as Fe, Mn-below 5 µg/L (Karaffa et al. 2015) , Mg, Cu, Zn, P, N, and carbon source concentration (Batti and Schweiger 1963; Kautola et al. 1991; Willke and Vorlop 2001; Li et al. 2012; Karaffa et al. 2015) .
IA production by low-cost feedstock
Studies have shown that some residues are suitable as carbon source for IA production, with some examples presented on Table 2 . The limitations of IA production in some media are related to A. terreus sensitivity to medium impurities, which are not yet well defined (Hiller et al. 2014) . However, the literature does not detail which components and at which concentration they impair IA production. Despite that sensitivity, some studies show the capacity of A. terreus to produce IA from waste material. The importance in evaluating IA production from residues relies on the possibility of IA production in different countries depending on the abundance of the specific residue. Using low-cost feedstock from local source, IA production economic feasibility may promote further application to the market. Reddy and Singh (2002) showed that 20 and 30 g/L IA were produced, respectively, from market refuse fruits and hydrolyzed corn starch with A. terreus mutant. Petruccioli et al. (1999) obtained 18 g IA/L from corn starch feedstock, while Dwiarti et al. (2007) obtained about 50 g IA/L using hydrolysate sago starch. The use of molasse medium requires a previous treatment for removing the impurities for a high IA yield process (Maassen et al. 2014) .
Corn cob, a lignocellulosic residue, was used in a twostep process: first, xylanase was produced by A. terreus, which was further used on the second step of the process concerning the hydrolysis of the lignocellulosic feedstock (with addition of commercial xylanase) for obtaining fermentable sugars for IA production, also by A. terreus (about 8 g/L IA) (Kocabas et al. 2014) . A different lignocellulosic material, beech wood hydrolysate, was used for IA production and about 13 g/L IA was produced by A. terreus in solid-state reactor after the removal of phenolic components with anion and cation exchangers (Sieker et al. 2012) . Sieker et al. (2012) showed that IA production was only achieved when beech wood hydrolysate was detoxified by a mixture of anion and cation exchangers (among other pretreatment analyzed), achieving maximum concentration of almost 4.5 g IA/L for a submerged culture (glucose and xylose from hydrolyzed wood). The treatment used almost completely removed the phenolic compounds and organic acids and decreased the salt ions, whereas rice husks hydrolysate pretreated with CaO(s) produced 1.9 g/L IA (Pedroso et al. 2017) .
IA production from residues should consider the cost for feedstock treatment to evaluate a real feasibility of the material. A wider knowledge of the potential inhibitors is important for using less expensive carbon sources with minimal pretreatment .
Aspergillus terreus oxygen strict requirement for IA production Different studies described the direct relation between aeration and IA production, and the requirement for continuous oxygen supply throughout the bioprocess is of significant important. Pfeifer et al. (1952) and Nelson et al. (1952) were probably the first to report the need for continuous aeration to reach high IA yields. Nelson et al. (1952) described that a 20 min interruption in the air flow after 54 h of fermentation was enough to drastically decrease IA production rates (the values were not detailed). Pfeifer et al. (1952) described that it was only possible to reverse the damage of no IA production (related to 15-60 min interruptions in air flow) if extranutrients were added to the medium. Despite the occurrence of further IA production, the final IA concentration was lower compared to the assay which was continuously aerated.
The aeration requirement for maintaining the cell's capacity of producing IA is so important that Larsen and Eimhjellen (1955) conducted the separation of IA-producing A. terreus cells-non-proliferating mycelia-from the fermentation broth with constant aeration. The authors described that if the aeration process was not maintained throughout the separation process, the endogenous IA was not expelled to the extracellular medium (acidified tap water). Riscaldati et al. (2000) showed that during the cell growth phase, there is a higher demand for oxygen, as well as for phosphorous and nitrogen consumption. When cell concentration reached a slow cell growth rate, the dissolved oxygen (DO) slowly increased from under 20% DO to almost 40 or 80% DO, depending on the initial pH or aeration rate. Kuenz et al. (2012) also described the occurrence of a drastic decrease of dissolved oxygen to 20% DO in the beginning of the fermentation (the first day of a 10 days' fermentation). However, by the 8th day until the end of the fermentation, the value was not higher than 40% DO. The continuous need for oxygen supply even when cell growth is at low rates indicates that oxygen requirement is higher for IA production than cell maintenance. Gyamerah (1995) showed that A. terreus cultivated in glucose medium had different behavior in IA production after 1, 3, 5, or 10 min of interruption of oxygen supply after 100 h of fermentation. By the third day, the reestablishment of aeration-after stopping air supply for 10 min-resulted in, at most, only 52% of the IA produced on the assay with continuous oxygen supply by the third day. That behavior was similar to the observations by Lin et al. (2004) . The shorter interruption periods (3 and 5 min) resulted in less severe decrease of IA production (respectively, about 77% and 66% less IA compared with the assay without interruption) (Gyamerah 1995) . This indicates that the capacity of IA production after the pause in oxygen supply is also related to the duration of the interruption period.
The reason for the significantly lower IA production when oxygen supply is completely interrupted has not yet been clarified. Based on the evaluation of different studies, this study states the following hypothesis: the system responsible for the drastic interruption of IA production, which is related to the period of interruption in oxygen supply, might be related to an inhibition effect of cis-aconitate inside the mitochondria or the cytosol.
A requirement of a readily transportation system of cisaconitate from the mitochondria to the cytosol has been evidenced (Huang et al. 2014a, b) . Cis-aconitic acid is unstable in environments with a pH under 7 (Ambler and Roberts 1948) , and it is spontaneously converted to transaconitic acid, the thermodynamically more stable form of the substance (Steiger et al. 2016) . Trans-aconitate has been described as an inhibitor of at least two mitochondrial enzymes-aconitase (Laube et al. 1994 ) and fumarase (Rebholz and Northrop 1994) . At sufficient oxygen concentration, A. terreus promptly transports cis-aconitate to the cytosol by Mtt transporter (from the mitochondria to the cytosol), which is further converted to itaconate by CAD (Huang et al. 2014a, b) .
In the occasion of aeration interruption, the energy applied for transporting H + and IA could be impaired. The Mtt transporters would have a lower activity in the absence of oxygen, and cis-aconitate would accumulate inside the mitochondria. In the occasional malfunctioning of H + transportation due to the lack of oxygen, the pH inside the cell would decrease and promote the formation of trans-aconitate, and thus, the inhibition of important enzymes from the TCA cycle. Such inhibition effect would prevent further IA production and substrate consumption, as the enzymatic system would be damaged. The longer the period of interruption in oxygen supply, the greater the conversion of cis to trans-aconitate might be.
The hypothesis also suggests that the negative effect of cis-aconitate conversion to trans-aconitate during the lack of oxygen supply is more effective to the mitochondrial enzymatic system. The supposition may be supported by the observation of Gyamerah (1995) studies, who showed that the inhibition of mitochondria membrane transporters results in higher decrease of IA production (> 90%) than the inhibition of cell membrane transporters (< 9%).
IA production and medium pH
In IA production systems, environments in which the pH is not regulated during the fermentation, the microorganism tends to acidify the medium to a very low pH (< 2). IA synthesis is strongly related to the initial pH, as the entire or part of the enzymatic system responsible for IA production may function in an acid environment (Larsen and Eimhjellen 1955) . Different metabolites were produced depending on the pH value considered for regulating the entire fermentation process. In pH 2.1, the main products by A. terreus were IA, carbonic gas, and cells, while the fermentation in pH 6 produced L-malic, succinic, fumaric acids, carbon dioxide, and cells (Larsen and Eimhjellen 1955) .
Among the existing hypotheses for the transport of organic acids to the extracellular medium by microorganisms, three of them are described below (Vrabl et al. 2012 ).
• Hypothesis of overflow metabolism The expulsion of organic acids out into the extracellular medium is considered one of the mechanisms employed by the cell to release energy in a situation in which growth is limited by a non-carbon nutrient and a carbon source is in excess. The hypothesis is subdivided in relation to the location of the bottleneck causing this release, which may be glycolysis, TCA cycle, or respiratory chain. In several studies, the phenomenon of overflow metabolism is associated with the increase of glycolytic flow; • Hypothesis of charge balance It is considered that when the H + /substrate transport system is prevented, the transport of the organic acid anions is the main form of compensation of the ion flow for the excretion of H + by the enzyme H + -ATPase. This operation prevents the plasma membrane from being hyperpolarized in a way detrimental to the cell. In an environment where pH is low, most of the excreted protons return to the interior of the cell via the protons of nutrients. In an environment with high pH, especially in cultures with NaOH addition as a control of the excreted protons, the entrance of the proton into the cell is impaired, requiring a new charge flow. The release in the medium of organic acids can balance the proton flow almost stoichiometrically.
• Hypothesis of aggressive acidification The hypothesis, developed for A. niger strain, describes that the filamentous fungus releases the acid in the extracellular environment, and the acid environment results in a medium with less probability of contamination from other microorganisms. Assuming that the organic acids transported through the membrane are completely protonated (uncharged), these compounds would be the major source of acidification of the medium. Krull et al. (2017) demonstrated that the need for an acid environment, with fermentation broth pH under 2, is only essential in the beginning of the fermentative process. Their findings with a genetically modified A. terreus strain showed that, after the initial drop to 1.6, which is necessary for IA production, the rise and maintenance of the pH at 3-3.4 increases the final IA concentration (around 150 g/L IA). The optimized condition that allowed such concentration involved not only pH adjustment, but also a fed-batch operating system. The final yield of 0.58 g IA/g glucose is, thus, not higher than other studies without pH regulation.
Advances in IA research and intellectual properties
The analysis of research trends provides an indication of the state-of-the-art technology applied to IA. Scopus ® [one of the largest abstract and citation database of peer-reviewed literature (Scopus 2017) ] and Derwent World Patent Index™ (DWPI) [one of the most comprehensive collection of global patent data in English (Clarivate 2017) ] were used to compile, respectively, scientific articles and patent documents to evaluate the scientific and technological advances in IA production.
The set of articles was selected using the following criteria: English scientific articles containing the words "itaconic acid" on the title, published from 1910 (earliest year available on the database) to 2016. The set of patents was selected with similar standard: patents containing the words "itaconic acid" on the title published from 1910 (earliest year available on the database) until 2016. The databases provided 640 articles and 1033 patents, from which important information such as title, abstract, publication year, and priority country of the patents-first country where the invention is filled (OECD 2017)-were used to evaluate the advances of IA technologies.
The number of scientific articles and patent increased significantly during the period analyzed (Fig. 4) , which confirms the high interest in developing technologies regarding IA production and its derivatives. The steep slope observed for the profile of number of patents, which initiated in 2007, corresponds mostly to the numerous Chinese patents about IA published on that period-76% of the 509 patents published from 2007 to 2016. The frequent world crises that result in drastic fluctuations of oil prices highly motivated the development of alternative technologies to partially substitute products from non-renewable sources (Macrotrends 2017) , including the development of IA technologies. In China, the investments from government and companies increased the country's participation in the advances of the world's research (Huang et al. 2010) . Figure 5 represents a classification of the most recent articles, published from 2012 to 2016, which were separated by the main subject addressed by each document. The studies related to the development of IA derivatives represent 80% of the total articles in that period, and the second most frequent subject was the development of IA fermentative processes, with 18% of the studies analyzed. It was not observed a significant fluctuation of the number of articles that concerns those classifications throughout the period analyzed. The scientific articles about the metabolic pathway of IA production, including the improvement of different strains for higher yield production, were less frequent, with only 2% of the articles from the analyzed period. The evaluation indicates that the recent research concerning IA is substantially more directed for developing IA end-products the rather than the advances in fermentative processes and microorganism modification for improving the final IA yield.
The most recent patents analyzed, published from 2012 to 2016 (348 patent documents), were separated by the priority country or its region. The priority country of a patent is frequently where the requesting institution is located. The analysis indicated that 86% of the inventions were first patented in China, which is a further indicator of that country's high interest in developing IA technology. The second region where IA patents were mostly deposited is Asia (5%), which Japan is the priority country with more than 60% of those patents. The USA and Europe occupies the third and fourth positions (respectively, 4 and 3.4% of the total patents from 2012 to 2016). South America was the priority country for only 0.86% of the patents from the analyzed period. This reflects the robust Chinese investment in IA technologies 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 Number of arƟcles or patent Fig. 4 Number of scientific articles and patent documents selected from the databases Scopus ® and Derwent World Patent Index™, respectively. The documents selection was done considering articles and patents which contained the words "itaconic acid" on the title, published from the initial years available on the databases until 2016. For the article selection, the documents were restricted to the English language. Scientific articles (orange line) and patent documents (blue line) and the Chinese position on the current global IA market (section IA global market).
The analysis of the advances in IA innovations, whether by the published articles or patents, indicates that the IA technology development is currently more directed to the improvement of IA products and their applications. It is important to note that the high number of patent documents evidences the significant interest of the organic acid application, as many patents are deposited by companies or institutions with the intention to apply the inventions on the market. This is a high indication of the expansion of IA on the available market for renewable sources. Moreover, it shows that improvements for IA processes have been done, and that the interest in IA products concern different counties, but mainly China, which is also the current greater IA world producer (Global Industry Analysis 2016).
Conclusion
Itaconic acid (IA) is a promising bio-based chemical with vast application in chemical industry. The increasing demand of bio-based products is a gateway for the development of IA derivatives. The current knowledge about IA metabolic pathway mainly by Aspergillus terreus allows a good understanding of its synthesis process, but further comprehension such as inhibitory components is necessary to achieve high yields with residue feedstocks. IA current niche market may increase with innovation and specific market targeting, in addition to the use of low-cost feedstock. Fig. 5 Number of scientific articles from the database Scopus containing on the title the words "itaconic acid", published from 2012 to 2016. Each of the 210 articles was characterized by the main subject related to itaconic acid (IA) synthesis or application: polymer development or application (blue bars), fermentative process development (yellow bars), study of metabolic pathway (orange bars), and the total number of articles in each year (black line)
